Induction of competence for natural genetic transformation in Streptococcus pneumoniae depends on pheromone-mediated cell-cell communication and a signaling pathway consisting of the competence-stimulating peptide (CSP), its membrane-embedded histidine kinase receptor ComD, and the cognate response regulator ComE. Extensive screening of pneumococcal isolates has revealed that two major CSP variants, CSP1 and CSP2, are found in members of this species. Even though the primary structures of CSP1 and CSP2 are about 50% identical, they are highly specific for their respective receptors, ComD1 and ComD2. In the present work, we have investigated the structural basis of this specificity by determining the three-dimensional structure of CSP1 from nuclear magnetic resonance data and comparing the agonist activity of a number of CSP1/CSP2 hybrid peptides toward the ComD1 and ComD2 receptors. Our results show that upon exposure to membranemimicking environments, the 17-amino-acid CSP1 pheromone adopts an amphiphilic ␣-helical configuration stretching from residue 6 to residue 12. Furthermore, the pattern of agonist activity displayed by the various hybrid peptides revealed that hydrophobic amino acids, some of which are situated on the nonpolar side of the ␣-helix, strongly contribute to CSP specificity. Together, these data indicate that the identified ␣-helix is an important structural feature of CSP1 which is essential for effective receptor recognition under natural conditions.
Infection by the pathogen Streptococcus pneumoniae is a primary source of bacterial pneumonia, otitis media, and meningitis and a common cause of sepsis in patients infected with the human immunodeficiency virus. Disturbingly, the number of reported antibiotic-resistant clinical isolates of this bacterium has increased dramatically over the last 20 years, and multiresistant strains have already emerged (2, 20) . The rapid acquisition and spread of antibiotic resistance genes in S. pneumoniae are attributed to the development of a transient phenotype termed competence for natural genetic transformation (5, 10) . This phenotype allows cells to actively lyse and take up DNA from noncompetent pneumococci, thus providing competent bacteria with an efficient predatory mechanism for acquisition of genetic material (16, 22, 30, 31) . The key event regulating competence development is the interaction between the secreted competence-stimulating pheromone (CSP) and the membrane-associated histidine kinase receptor ComD (5, 12, 13) . Two main CSP and ComD variants (CSP1 and CSP2; ComD1 and ComD2) have been identified in S. pneumoniae (16, 25, 26) . Both CSP variants, as well as all other CSPs that have been characterized from the mitis and anginosus phylogenetic groups, contain a conserved sequence fingerprint composed of a negatively charged N-terminal residue, an arginine in position 3, and a positively charged C-terminal tail. However, the central region of the peptides displays much less conserved primary structures (16) . Extracellular CSP binds to the polytopic transmembrane ComD receptor domain and triggers competence development in the pneumococcal culture when its concentration in the growth medium reaches a critical threshold level. CSP binding presumably brings on a conformational change in the ComD transmembrane domain that ultimately results in activation of ComD kinase activity. Once activated, ComD phosphorylates the transcriptional regulator ComE (5, 32) . This enables ComE to activate transcription of the early genes, including comX, which encodes an alternative sigma factor that directs the transcription of a large number of so-called late genes (19) . Close to 190 CSP-responsive genes have been identified in S. pneumoniae. However, only 23 of these genes appear to be essential for competence regulation and DNA uptake. This strongly implies that additional processes are regulated through the CSP-ComD signaling mechanism (24) . Indeed, there appears to be a tight interplay between competence and virulence. It has previously been demonstrated that comD mutants are attenuated in bacteremia, as well as respiratory tract infection (1, 11, 18) , and it was recently shown that competence-mediated cell lysis might be important for release of the cytolytic toxin pneumolysin (8) . Furthermore, Oggioni and coworkers have shown that CSP has therapeutic potential. They recently reported that the survival rate of mice injected intravenously with 1.3 g of CSP and 10 6 pneumococcal cells was much higher than the corresponding survival rate for mice injected with bacteria alone (23) .
From the above, it is evident that an increased understanding of the CSP-ComD interface could be of clinical relevance and lead to the development of CSP analogues with improved therapeutic properties. To gain better insight into the CSPComD interaction, this work investigated the three-dimensional structure of CSP1 by means of nuclear magnetic resonance (NMR) spectroscopy. Furthermore, by homologue scanning, CSP1 residues conferring receptor specificity was identified.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The S1 and CP1500 strains were derived from S. pneumoniae strain Rx as described previously (31) . Construction of S2, the third strain used in this study, is described below. Bacterial strains were grown in casein tryptone (CAT) medium containing (per liter) 167 mmol of K 2 HPO 4 , 5 mg of choline chloride, 5 g of tryptone, 10 g of enzymatic casein hydrolysate, 1 g of yeast extract, and 5 g of NaCl (21) . After sterilization, glucose was added to a concentration of 0.2%. All incubations were carried out at 37°C, and all density measurements of bacterial cultures were done spectrophotometrically at 550 nm.
Synthetic CSPs. Synthetic CSPs (Genosphere Biotechnologies) used in this work were purified by reversed-phase high-performance liquid chromatography and characterized by analytical reversed-phase high-performance liquid chromatography and mass spectrometry. The CSP1 peptide used for circular dichroism (CD) and NMR spectroscopy displayed a purity of Ͼ95%. All of the peptides used in ComD activation assays displayed a purity of Ͼ90%.
CD spectroscopy. CD spectra were recorded with a Jasco J-810 spectropolarimeter (Jasco International Co., Ltd., Tokyo, Japan) calibrated with ammonium D-camphor-10-sulfonate (Icatayama Chemicals, Tokyo, Japan). All of the measurements were performed with a peptide concentration of 0.15 mg/ml in 0.1% trifluoroacetic acid in the presence of various concentrations of dodecyl phosphocholine (DPC; 0 to 8 mM; CDN Isotopes, Quebec, Canada) or trifluoroethanol (0 to 50% [vol/vol]; Sigma-Aldrich, St. Louis, Mo.). Measurements were performed at 20 to 50°C with a quartz cuvette (Starna, Essex, England) with a path length of 0.1 cm. Samples were scanned five times at 50 nm/min with a bandwidth of 1 nm and a response time of 1 s over a wavelength range 190 to 245 nm. The data were averaged, and the spectrum of a sample-free control was subtracted. The spectra were adjusted according to the volume changes obtained as a result of the volume changes during titration. The ␣-helical contents of the various peptides were determined by applying the spectral fitting methods in the CDpro package (28, 29) .
NMR sample preparation. For NMR structure elucidation, 3.73 mg of CSP1 was dissolved in 880 l of 250 mM deuterated DPC (CDN Isotopes) and a water solution with 10% D 2 O (Cambridge Isotope Laboratories). The final concentration of the sample was 1.9 mM. NMR structures, assignments, and constraints have been posted to the Protein Data Bank (2A1C).
NMR spectroscopy. The NMR spectra of CSP1 were obtained at 28°C and 38°C on an 800-MHz Varian INOVA 800 NMR spectrometer with four channels, 5 mm 1H {13C, 15N} pfg probe. Total correlation spectroscopy (TOCSY) (3) and nuclear Overhauser effect spectroscopy (NOESY) (15, 35) experiments included in the biopack were performed to assign the molecule. Spectra with mixing times of 32 and 64 ms were acquired for the TOCSY pulse sequence, and spectra with times of 100 and 150 ms were acquired for the NOESY pulse sequence. Watergate water decoupling was applied in the TOCSY and NOESY experiments (27) . Two thousand complex data points were obtained in the direct dimension, and 512 were obtained in the indirect dimension. The data were multiplied with a sine bell function and zero filled to double size prior to Fourier transformation. All postprocessing was performed by applying NMR Pipe (7), while spectral assignments and integration were done by applying SPARKY (T. D. Goddard and D. G. Kneller, University of California, San Francisco).
Restraints and structure calculation. Dihedral angle restraints were obtained by using the TALOS program (6) on the chemical shift values. From this program, we obtained restrictions for the torsion angles of the molecule shown in Fig. 1 . The NOESY spectrum of the molecule was manually assigned. A total of 278 NOE distance constrains were obtained, out of which 104 were interresidue and 174 were intraresidue NOE restraints. No long-range NOE restraint distances larger than four residues were observed in either of the spectra. The structure was calculated and annealed with the structure calculation program CYANA (9) and the anneal function. A total of 100 structures were calculated, out of which the 20 best structures were selected for further evaluation. The target function gave an average of 0.0045 Ϯ 0.0032. The final structures were visualized with the MOLMOL program (17) .
Construction of the S. pneumoniae S2 mutant. The S2 strain is identical to the S. pneumoniae S1 reporter strain, except that it expresses the ComD2 receptor derived from strain A66 (25) . The entire comCDE operon of strain A66 was first amplified by PCR with the primers ArgTF (5Ј-CGCTGAGAATCTGTGTCAG T-3Ј) and 2tGlu2 (5Ј-GGCGGTGTCTTAACCCCTTGACCAACGG-3Ј). The PCR fragment was subsequently transformed into S. pneumoniae S1 cells by adding 1 g of DNA and 250 ng of CSP1 to 1 ml of exponentially growing cells at an optical density at 550 nm (OD 550 ) of 0.1. Following incubation for 2.5 h at 37°C, cells were harvested by centrifugation and washed 10 times with CAT medium. The cells were next diluted in 20 ml of CAT medium and grown to an OD 550 of 0.05. To select for bacteria in which the comD1 gene had been exchanged with the comD2 gene of strain A66, 1 ml of the culture was subsequently treated with 1 g of genomic DNA from the novobiocin-resistant S. pneumoniae mutant CP1500 (4) and 150 ng of CSP2. Following incubation for 2.5 h at 37°C, novobiocin-resistant transformants were selected on agar plates containing 5 g/ml novobiocin. Genomic DNA from one such transformant (S. pneumoniae S2) was subsequently sequenced and found to contain a correct insertion of the comD2 gene.
ComD activation assays. An overnight culture of exponentially growing S. pneumoniae S1 or S2 cells was diluted to an OD 550 of 0.05 in prewarmed (37°C) CAT medium and incubated until an OD 550 of 0.2 was reached. At this point, the culture was treated with the desired amount of the appropriate synthetic CSP. The culture was next incubated at 37°C for 30 min and subsequently placed on ice before the final OD 550 of the culture was measured. In order to measure the ␤-galactosidase activity in the culture, the cells were lysed by incubating the culture for 10 min at 37°C with 0.1% Triton X-100. The lysate was kept on ice until assayed. All samples were assayed for ␤-galactosidase activity as described previously (30) .
RESULTS AND DISCUSSION
Structural analysis of CSP1 upon exposure to membranemimicking environments. Initial CD analysis of CSP1 or CSP2 in water revealed little or no structuring of the pheromones. In contrast, both peptides became structured upon exposure to 
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A HYDROPHOBIC PATCH IS ESSENTIAL FOR CSP SPECIFICITYmembrane-mimicking environments such as trifluoroethanol and micelles, indicating that structuring of the pheromones is initiated upon interaction with the membrane of target bacteria. Under such conditions, CSP1 displayed an ␣-helical content between 40 and 46%, suggesting that seven or eight residues of the pheromone were contained within the structured part. Based on these results, we next performed NMR spectroscopy analysis of CSP1 in the presence of DPC. The TOCSY and NOESY NMR spectra were analyzed and assigned according to standard methods. The intraresidue NOEs and dihedral angles obtained with the TALOS program are shown in Fig. 1A . The existence of ␣H-HN (i,iϩ3), ␣H-HN (i,iϩ4), and ␣H-HN (i,iϩ5) NOEs indicated that there is a possible ␣-helix stretching from residue 4 to residue 12 in CSP1. The torsion angles obtained by TALOS analysis of the chemical shift values clearly indicated the formation of an ␣-helix between residues 6 and 12. The latter prediction was also supported by the chemical shift index (Fig. 1B) . The final 20 best structures obtained after annealing of the structure are shown in Fig. 2A . Superimposing the structures from residue 6 to residue 12 revealed the presence of a well-defined ␣-helix in this region, clearly reflected in the low backbone and heavy atom root mean square distances (0.13 Ϯ 0.08 and 1.00 Ϯ 0.19, respectively). Figure 2A shows that the residues located outside this helical region are relatively unstructured. Although NOE connections between Leu-4 and Phe-7 were observed and chemical shift indexing indicated that residue 5 might be contained within the ␣-helical part of the peptide (Fig. 1) , it was not possible to find NMR data indicating restrictions that in DYANA calculations extended the ␣-helix to residue 4 or 5.
The length of the observed ␣-helical stretch in the three-dimensional model presented in Fig. 2B is also in good agreement with the data obtained from the CD analysis. Interestingly, the ␣-helical region of CSP1 is amphiphilic, with the nonpolar residues Phe-7, Phe-8, Phe-11, and Ile-12 facing one side of the helix and Lys-6, Arg-9, and Asp-10 facing the opposite side (Fig. 2C) . As the primary structures of CSP1 and CSP2 diverge considerably in this region, we considered it unlikely that the observed amphiphilicity is accidental. We therefore speculated that the hydrophobic patch formed by Phe-7, Phe-8, Phe-11, and Ile-12 determines the specificity of the CSP1-ComD1 interaction and exploited the closely related CSP2-ComD2 system to test this hypothesis. CSP1 and CSP2 receptor activation and specificity. Lacking a direct pheromone-receptor binding assay, we utilized the S1 reporter strain and its derivative S2 for further studies of CSP agonist function. The S1 strain contains a chromosomally located lacZ reporter gene under control of the promoter of the late genes orf62 and orf51 (31), whose products were recently named CibA and CibB, respectively (8) . Hence, expression of the ␤-galactosidase protein is under control of the competence-specific sigma factor ComX, which is synthesized in direct response to CSP1-mediated activation of ComD1. This strain also contains a deletion of the comA gene, a feature which prevents secretion of endogenously produced pheromone and consequently autoinduction of competence. As shown in Fig. 3 , dose-dependent activation of the ComD1 receptor was observed upon exogenous addition of synthetic CSP1 to S1 cells, with half-maximal activation being reached at approximately 4.5 nM (Fig. 3) . In contrast, the ComD1 receptor displayed very poor sensitivity toward CSP2, which appeared to be around 200 times less potent than CSP1 as an activator. Nevertheless, high concentrations of CSP2 could activate ComD1 at levels comparable to the maximal activation observed upon addition of CSP1. To be able to study the ComD2 receptor in the same genetic background as ComD1, the comCDE operon of strain S1 (CSP1, ComD1) was exchanged with the corresponding operon from strain A66 (CSP2, ComD2), giving rise to strain S2 (see Materials and Methods for details). As expected, ComD2 displayed dosedependent activation when subjected to increasing concentrations of synthetic CSP2 (Fig. 3) . The ComD2 receptor could also be activated by high concentrations of CSP1, with halfmaximal activation being reached at around 220 nM. We next asked whether the poor agonist function of CSP2 toward ComD1 was due to a low affinity for the receptor or a poor ability to activate the receptor following binding of the peptide. If the poor agonist activity of CSP2 toward ComD1 was simply due to a lack of activator potential and not due to a lack of binding affinity, it would be reasonable to assume that CSP2 could antagonize the CSP1-ComD1 interaction by competing for the receptor binding site. However, when S1 cells activated with subsaturating concentrations of CSP1 were challenged with 200 nM CSP2, no decrease in receptor activation could be observed, suggesting that CSP2 is a poor binder of the ComD1 receptor (data not shown).
CSP receptor recognition depends on hydrophobic interactions. To characterize the amino acids in CSP1 that govern the specificity of receptor recognition, homologue scanning mutagenesis of CSP2 was performed (Table 1) . Previous alanine scanning mutagenesis of CSP1 indicated that certain hydrophobic residues, including Phe-7, Phe-8, and Phe-11, are essential for pheromone bioactivity (14) . Interestingly, our results show that these three phenylalanine residues, together with Ile-12, form a hydrophobic patch along one side of the amphiphilic ␣-helix in CSP1. We therefore concentrated our efforts on characterizing the role of these hydrophobic positions with respect to receptor binding and activation. As shown in Table 1 , replacing a single hydrophobic residue in CSP2 with the corresponding residue from CSP1 in most cases resulted in a modest but significant increase in activity toward ComD1 (CSP2.1 to CSP2.7). However, the most active hybrid peptides turned out to be those containing a leucine in position 4 together with a phenylalanine in positions 7 and/or 8 (CSP2.9, CSP2.10, and CSP2.15). Together, the data in Table 1 show that amino acids situated in the hydrophobic patch of CSP1 strongly contribute to specificity, although Ile-12 appears to be considerably less important than the two phenylalanines. Replacement of Arg-6 or Leu-9 in CSP2 with the corresponding amino acid in CSP1 (Lys-6 or Arg-9) only resulted in an incremental increase in agonist activity toward ComD1 (data not shown), a result that further emphasizes the importance of hydrophobic residues in CSP receptor specificity.
The results presented in Table 1 demonstrate that certain positions in CSP1, including Leu-4, Phe-7, and Phe-8, are essential for specificity, i.e., for the recognition of this pheromone's cognate receptor. To determine whether the same hydrophobic positions in CSP2 are important for this pheromone's specific interaction with ComD2, hybrid pheromones were designed by successively exchanging Leu-4, Phe-7, and Phe-8 from CSP1 with the corresponding amino acids from CSP2 (CSP1.30 to CSP1.33). As shown in Table 2 , an increased number of swapped positions shifted the hybrid pheromones' specificity toward ComD2, while the activity toward ComD1 was gradually lost. These results confirm that the same key hydrophobic amino acid positions are essential for receptor recognition in CSP1 and CSP2.
Our laboratory has previously determined the amino acid sequences of a large number of CSPs from S. mitis and S. oralis, species that are closely related to S. pneumoniae (16) . To further examine the contribution of positions 7 and 8 in the CSP-receptor interaction, a CSP variant produced by S. mitis strain SK612 (N-ESRLSRLLRDFIFQIKQ-C) (16) was synthesized. In the region determined to have an ␣-helical configuration in CSP-1, CSP612, and CSP1 differ in three positions. CSP612 contains arginine in position 6 instead of lysine and leucines in positions 7 and 8 instead of phenylalanines. In addition, CSP612 and CSP1 differ in positions 2, 13, 15, and 17. As depicted in Fig. 4 , the CSP612 pheromone displays relatively high agonist activity toward ComD1, with half-maximal saturation of the receptor being reached at approximately 40 nM. Hence, the ComD1 receptor is able to interact with peptides containing either Phe or Leu residues in positions 7 and 8 but interacts very poorly with pheromones containing Ile in these positions. This result clearly demonstrates that Phe-7 and Phe-8 in the CSP1 pheromone do not control receptor specificity through sequence-specific hydrophobic contacts with ComD1. Concluding remarks. Based on the results presented in this paper, we propose the following steps for the early events in CSP1-mediated activation of ComD1. Structuring of the secreted CSP1 is initiated upon interaction with membrane environments, resulting in the formation of an amphiphilic ␣-helix in the middle part of the pheromone. Together with Leu-4, a hydrophobic patch in this ␣-helix allows CSP1 to specifically recognize ComD1. However, the ability of the CSP612 pheromone to efficiently cross-induce ComD1 (Fig. 4 ) strongly indicates that receptor recognition does not depend on the formation of highly specific hydrophobic contacts between the ␣-helical part of CSP1 and ComD1. The exact mechanism by which the hydrophobic patch facilitates receptor recognition and activation thus remains elusive. Interestingly, the positively charged residue in position 3 (Arg-3), which has previously been demonstrated to be absolutely required for pheromone bioactivity (14) , is conserved in all CSPs characterized from the mitis and anginosus phylogenetic groups (16) . Besides, a negatively charged N-terminal amino acid (Glu-1 or Asp-1) is found in most CSPs. These charged amino acids are essential for pheromone activity but do not seem to be involved in specificity, as they are highly conserved in most streptococcal competence pheromones. We therefore hypothesize that the conserved charged residues in the N terminus are crucial for receptor activation and that the hydrophobic patch in CSP1 functions to correctly position the N terminus into a conserved pocket in the ComD1 receptor. Whether this positioning relies exclusively on CSP1-ComD1 protein-protein interactions or also includes interactions between the amphiphilic region of CSP1 and the bacterial membrane remains to be shown. FIG. 4 . CSP612-mediated activation of ComD1. Exponentially growing S1 cells were incubated with CSP1, CSP2, or CSP612 at a final concentration of 44 nM. The respective CSPs are indicated on the x axis, while the y axis indicates the amount of ␤-galactosidase activity produced. Whereas no activity could be detected with CSP2, approximately half-maximal activation of ComD1 was observed with CSP612. 
